. High malic enzyme activity has been demonstrated in a number of C4 plants such as corn, sugarcane, sorghum, crabgrass, and Panicum antidotale (4, 13, 17) . Where biochemical features and fine structure of the chloroplasts have been examined in these plants, there seems to be a correlation of high malic enzyme activity with malate as a predominant initial product of photosynthesis and a reduction in the number of grana in the bundle sheath chloroplasts (13). In these C4 plants, malic enzyme is thought to be a key enzyme in catalyzing a carboxyl transfer from malate to the pentose pathway in bundle sheath cells.
Isolated bundle sheath cells were capable of converting aspartate to oxalacetate at rates approaching the aspartate transaminase activity of bundle sheath extracts. The bundle sheath cells had a light induced C02 fixation of 23 ,tmoles of CO./mg chl hr in the absence of exogenous substrates.
The photorespiratory enzymes, hydroxypyruvate reductase and glycolic oxidase, were about 3 fold higher in bundle sheath extracts than in mesophyll extracts when compared on a chlorophyll basis.
The initial end products of photosynthesis in plants having the C4 pathway2 of photosynthesis are oxalacetate, malate, and aspartate, which are thought to be synthesized in mesophyll cells (21, 25) . It bundle sheath cells of C4 plants (1, 13, 17) . Recent investigations have shown that considerable variation exists in the biochemical and anatomical features between plants having the C4 pathway of photosynthesis (1, 6, 13, 18, 27) . High malic enzyme activity has been demonstrated in a number of C4 plants such as corn, sugarcane, sorghum, crabgrass, and Panicum antidotale (4, 13, 17) . Where biochemical features and fine structure of the chloroplasts have been examined in these plants, there seems to be a correlation of high malic enzyme activity with malate as a predominant initial product of photosynthesis and a reduction in the number of grana in the bundle sheath chloroplasts (13) . In these C4 plants, malic enzyme is thought to be a key enzyme in catalyzing a carboxyl transfer from malate to the pentose pathway in bundle sheath cells.
However, substantial malic enzyme activity has not been demonstrated in all C, plants (1, 10, 13, 18) ; so the mechanism of carboxyl transfer from C4 acids into the pentose pathway must continue to be considered. Recently, several C4 plants having low malic enzyme activity were found to have high PEP carboxykinase which may catalyze the transfer of carbon from oxalacetate into the pentose pathway in bundle sheath cells (18) . Examples of C, plants having high PEP carboxykinase are Paniciim mnaximumn, Panicuiin texanutin, and Sporoboliis poiretti. There is some evidence that these plants have aspartate as a predominant initial product of photosynthesis (1 3) and well developed grana in bundle sheath chloroplasts (7) .
There are yet other C4 plants such as Panicumn mniliaceumn, Amiiaranthus retroflexuis, and Cynodon dactylon which have been reported to have very low or undetectable levels of both malic enzyme (10, 13) and PEP carboxykinase (18) in leaf extracts. C. plants may have metabolic differences in the mechanism of carboxyl transfer from the C, dicarboxylic acids into the reductive pentose phosphate pathway. In addition, there may be differences in the distribution of enzymes of the C4 pathway and the pentose pathway between mesophyll and bundle sheath cells, as well as in the biochemical basis for the lack of apparent photorespiration among C4 species.
In this paper some of the metabolic characteristics of isolated bundle sheath cells and of extracts from whole leaves, mesophyll cells, and bundle sheath cells of Panicumn miliaceumn are presented. Other enzymes with reference to their method of assay were NADP-specific malic enzyme, in the direction of decarboxylation (32); ribose-5-P isomerase (2); ribulose-5-P kinase (28); carbonic anhydrase (9) ; glyceraldehyde-3-P dehydrogenase (29) ; cytochrome c oxidase (35) ; and hydroxypyruvate reductase (41) . Catalase was assayed spectrophotometrically by following the disappearance of hydrogen peroxide at 240 nm (30) . Glycolate oxidase was measured by following the formation of the glyoxylate phenylhydrazone at 324 nm (33 (8) .
MATERIALS AND METHODS
Malic enzyme has been reported to be low in leaf extracts of P. miliaceumn (18 Reference 9. acetate decarboxylase by the method of Stern (37) and Kosicki (26) ; and PEP carboxytransphosphorylase by an exchange reaction using NaH`4CO3 as described by Wood, Davis, and Willard (40), without finding measurable activity.
Activities of aspartate transaminase and alanine transaminase were extremely high in leaf extracts of P. miliaceum, and the two enzymes were equally distributed between the two cell types. Downton (13) The NADH-and NADPH-dependent glyceraldehyde-3-P dehydrogenase was found in both cell types, which indicates that both cells have the capacity for carbon reduction in photosynthesis (Table I) . Cytochrome c oxidase and NAD-dependent malic dehydrogenase were found in both cell extracts, which further demonstrate that some enzymes are prevalent in bundle sheath and mesophyll cells.
Among the photorespiratory enzymes analyzed, glycolate oxidase and hydroxypyruvate reductase were about 3-fold higher in bundle sheath extracts in P. miliaceum than in mesophyll extracts when compared on a chlorophyll basis. However, catalase showed little preferential localization between the two cells. Edwards and Black (17) previously found all three of these enzymes preferentially localized in bundle sheath cells of crabgrass. The activity of hydroxypyruvate reductase and glycolate oxidase was several-fold higher in the bundle sheath cells of P. miliaceum than in the bundle sheath cells of crabgrass. P. miliaceum has well developed grana in bundle sheath chloroplasts (7) while crabgrass has agranal bundle sheath chloroplasts (6). Downton (14) has reported higher levels of glycolate oxidase in leaves of several Atriplex species having well developed grana in bundle sheath chloroplasts than in corn or sorghum, which have agranal bundle sheath chloroplasts. C4 (4, 6, 17, 22) . These plants may be dependent on malic enzyme for providing part of the reducing power for the pentose pathway from the reduction of NADP during the decarboxylation of malate (20, 31) . The grana-containing chloroplasts of the bundle sheath cells of P. miliaceum may be self-sufficient in providing reducing power for CO2 fixation.
Additions of R-5-P increased the rate of CO2 fixation by isolated bundle sheath cells of P. miliaceumn, and the enhancement by R-5-P as expected was largely light-dependent (Table II) Figure 1 shows that isolated bundle sheath cells of P. miliaceum are capable of converting aspartate to oxalacetate. The conversion of aspartate to oxalacetate was dependent on the addition of a-ketoglutarate, which implies that the conversion is dependent on the aspartate transaminase reaction in the cell (Fig. 1A) Light, aspartate, a-ketoglutarate 18.9 Light, malate 18.3 Dark, R-5-P 0. 4 Light, R-5-P 40.0 Light, R-5-P, aspartate 38.1 Light, R-5-P, aspartate, a-ketoglutarate 38.7 Light, R-5-P, malate 
